A novel joining process based on reactive casting is proposed. By pouring molten aluminum and nickel onto a steel block, molten nickel monoaluminide, NiAl, is exothermically synthesized, and is joined to the steel block when it solidifies on the steel block. Heat generated by an exothermic reaction, NiϩAl→ NiAlϩDH p298 , is transferred from the synthesized NiAl to the steel block, and the surface layer of the steel block is melted. The depth of the melted steel increases with both the preheating temperature of the steel block and the thickness of the synthesized NiAl. Iron from the melted steel dissolves in the molten NiAl, and an NiAl-base intermetallic compound, (Ni, Fe)Al, is produced. Cracks or other intermetallic phases such as NiAl 3 or FeAl are not formed at all at the joint interface between the (Ni, Fe)Al and the steel block. The synthesized (Ni, Fe)Al has an excellent resistance to corrosion and oxidation.
Introduction
An intermetallic compound of nickel monoaluminide, NiAl, has attracted considerable interest as a potential highservice-temperature material for applications such as in hot-end components of the turbine blades of aeronautic engines, because it has the alluring combinations of low density (5.86 Mg/m 3 ), high melting temperature (1 911 K), high strength, good corrosion and oxidation resistance, high thermal conductivity and low cost. [1] [2] [3] [4] [5] However, NiAl has very low ductility at temperatures below 600 K, which is one of the most significant disadvantages of NiAl and impedes the practical use of NiAl as a structural material. [6] [7] [8] Although the ductility of NiAl can be improved by reducing the grain size or alloying some elements, the degree of the improvement is not very remarkable. 9, 10) For an application of NiAl to new corrosion and oxidation resistant structural materials, it will be useful to join NiAl to ductile structural materials. From this viewpoint, protective coating of superalloys with NiAl has been studied. A variety of processing techniques have been proposed regarding the NiAl coating, such as pack cementation, chemical vapor deposition, slurry cementation, hot dipping, and so on. 11) However, when a thick NiAl coating is required, those coating techniques based on the diffusion mechanism are not suitable, because they all demand a high temperature and an extremely long period of time.
We have studied a thick NiAl coating on a carbon steel by a reactive sintering technique, which is based on sintering of a mixture of elemental powders of nickel and aluminum on the surface of the steel. [12] [13] [14] Because an exothermic reaction between the elemental powders brings about the synthesis of NiAl and the simultaneous joining between the NiAl and the base material, the coating process proceeds at a low temperature and ends in a very short time.
For example, when the base material with the powder mixture is heated to 900 K, combustion synthesis of NiAl occurs and the simultaneous coating ends in a few minutes, when the coating thickness is more than 4 mm. 12) When the coating thickness is less than 4 mm, the combustion synthesis reaction is not completed at 900 K, but the synthesis of NiAl is completed by heating further to 1 473 K. 14) Although the feasibility of the joining technique based on the reactive sintering has been proved in those studies, the tensile strength of the synthesized NiAl coating was lower than that of a hot-extruded NiAl.
15) It was suggested that oxide inclusions in the NiAl, which were originated from the oxide film on the surface of the elemental powders, reduced the strength of the NiAl.
Throughout our previous studies, we have considered that if elemental liquids of nickel and aluminum can be used as the starting materials instead of the elemental powders, the amount of the oxide inclusions in the synthesized NiAl would be significantly reduced. Also from a viewpoint of reducing the cost of the raw materials, the usage of liquids would be advisable, because ingots are significantly less expensive compared with powders. We have recently developed a new technique named reactive casting, which involves an exothermic reaction between elemental liquids and enables one to produce the liquid of a high-meltingpoint intermetallic compound without the need of external heating. 16) In this study, we investigate the feasibility of NiAl/steel cladding by the reactive casting. Figure 1 shows a schematic drawing of the experimental procedure, which is based on the pouring of the elemental liquids onto the base material. Nickel pellets of 99.97 mass% and aluminum ingots of 99.99 mass% in purity were used to prepare the elemental liquids, while an ultra-low carbon steel block containing 0.001 mass% of carbon, 0.008 mass% of silicon and 0.01 mass% of manganese was used as the base material. The molar ratio of the elemental liquids was fixed at Ni : Alϭ1 : 1 to synthesize nickel monoaluminide, NiAl. The steel block was placed on the bottom of a porous alumina crucible of 30 mm in inner diameter and 95 mm in depth. Molten aluminum was first poured onto the steel, and then molten nickel was soon poured into the aluminum liquid. The pouring temperatures of the aluminum and nickel liquids were 1 023 K and 1 773 K, superheated by approximately 90 K and 50 K, respectively. The initial temperature of the steel was varied from room temperature to 1 023 K. The estimated thickness of the synthesized NiAl was varied from 10 to 50 mm, while the thickness of the steel block was fixed at 30 mm. Melting of aluminum and nickel was carried out in an argon atmosphere, while pouring in air.
Method
A Vickers microhardness test and an electron probe microanalysis were carried out across the joint interface between the NiAl and the steel. A four-point bending test was carried out at room temperature to evaluate the joint strength at the interface. The conditions of the bending test were: 3ϫ4 mm 2 in rectangular cross-sectional area of the specimen, 15 mm in distance between the supporting points, 4 mm in distance between the loading points and 0.5 mm/min in cross-head speed. A corrosion test was carried out by immersing a small cubic sample in a 36-mass% aqueous solution of hydrochloric acid at room temperature. An oxidation test was carried out by exposing a similar small cubic sample to air at 1 623 K. The corrosion and oxidation resistance of SUS304 stainless steel was also examined, and the results were compared with those of the synthesized NiAl. Figure 2 shows the change in temperature of the sample during and after pouring of the elemental liquids. Temperature was measured at three different points: point A at the surface of the NiAl, point B in the steel 5 mm away from the interface and point C in the steel 10 mm away from the interface, by using a spot thermometer for point A and a type B thermocouple for points B and C. The temperature of the liquid mixture suddenly rises due to the exothermic reaction, NiϩAl→NiAlϩDH p298 , and exceeds 2 250 K, which is much higher than the pouring temperatures of the elemental liquids, i.e. 1 023 K for aluminum and 1 773 K for nickel.
Results and Discussion

Heat Generation and Heat Transfer
The maximum temperature of the synthesized NiAl, T Max , can be calculated by using Eqs. (1) where DH p298 is heat of formation of NiAl at 298 K, T 0 and T m are the initial temperature and melting point of the material indicated by the subscript, C and DH are the specific heat and latent heat of the material. The calculated maximum temperature under the adiabatic condition was 2 876 K, which is higher than the measured temperature. This casting process involving a remarkable temperature rise will be useful for casting of high-melting-point intermetallic compounds.
Melting of the Steel Surface
As shown in Fig. 2 , the heat from the exothermic reaction is transferred to the steel, and temperature of the steel is elevated from 1 023 K to approximately 1 700 K at a point of 5 mm from the initial interface, for example. Caused by the heat from the synthesized molten NiAl, the surface of the steel was melted. The depth of the melted steel increases with the thickness of the synthesized NiAl, as shown in Fig. 3 . The effect of the thickness of the synthesized NiAl is remarkable, when the thickness is below 30 mm. However, when the thickness is more than 30 mm, the effect is little. Regarding the effect of the thickness of the NiAl on the depth of the melted steel, we consider that heat flows from the synthesized NiAl mainly downward to the steel when the NiAl is thin compared with the diameter of the contact area, while transversely to the crucible and atmosphere when the NiAl is thick.
The depth of the melted steel increases also with the preheating temperature of the steel block, as shown in Fig. 4 . The effect of the preheating temperature becomes more significant as the preheating temperature increases.
The depth of the melted steel may affect the chemical and mechanical properties of the synthesized NiAl, because the increase in the depth brings about the increase in iron content of the NiAl. A demanded depth may be achieved by choosing the thickness of the synthesized NiAl and the preheating temperature of the steel. The pouring temperatures of the elemental liquids will also affect the depth, although it was not investigated in this study. Figure 5 shows a longitudinal section of the sample. There are no casting defects such as blowholes in the synthesized NiAl and no cracks at the joint interface, which implies that the synthesis and joining were both successful. It is likely that the sound casting and joining are brought about by upward directional solidification due to a steep temperature gradient and low thermal stress due to close thermal expansion coefficients between the NiAl and steel. 17 ,18) Figure 6 shows concentration profiles across the joint interface. The joint interface is 4.6 mm away from the initial interface, caused by melting of the steel. Iron from the melted steel dissolves in the molten NiAl, and an NiAl-base intermetallic compound, (Ni, Fe)Al, is produced. The concentration of iron in the (Ni, Fe)Al is approximately 10 at% in the bulk, while it is approximately 20 at% near the joint interface. Diffusion of nickel and aluminum from the NiAl into the steel is observed near the joint interface. However, no other intermetallic phases such as Ni 3 Al or FeAl were detected even at the joint interface. According to a nickelaluminum-iron ternary phase diagram, 19) NiAl forms a fully isomorphous system with FeAl, and NiAl phase containing iron, (Ni, Fe)Al, conjugates with ferrite phase containing nickel and aluminum. Therefore, it is reasonable that no other phases were detected at the joint interface.
Microstructure and Microanalysis
Mechanical Properties
Vickers hardness remarkably changes from approximately 100 in the steel to approximately 400 in the NiAl, as shown in Fig. 7 . Hardness of the NiAl decreases from 400 to 350, as the distance from the interface decreases from 0 to Ϫ4 mm. The decrease in hardness in the NiAl can be explained from the composition of the NiAl. As shown in Fig.  6 , the concentration of iron in NiAl decreases from 20 to 10 at%, as the distance from the interface decreases from 0 to Ϫ4 mm. We have investigated the effect of iron concentration on the mechanical properties of NiAl-base intermetallic compound, and found that the increase in iron concentration increases the Vickers hardness, bending strength and wear resistance, while it reduces the Young's modulus.
16)
The change in hardness in the NiAl near the interface shown in Fig. 7 is interpreted as the solution hardening. In all of five bending tests, fracture occurred in the NiAl near the joint interface, as shown in Fig. 8 . The fracture strength was approximately 220 MPa in average. The joint strength is considered to be higher than this value, because fracture did not occur at the joint interface. In the bending test carried out in our previous study for an NiAl/steel joint produced by reactive sintering of the elemental powders, fracture occurred also in the NiAl near the interface, but the fracture strength was approximately 60 MPa.
12) The difference in fracture strength indicates that the reactive casting can bring about a much sounder NiAl than that produced by the reactive sintering. The excellent joint strength is likely to be attributable to (1) the absence of any other intermetallic phases at the joint interface 19) and (2) the close thermal expansion coefficients of the steel and NiAl. 17, 18) 
Chemical Properties
Small cubic samples were cut from a Ni-45at%Al-10at%Fe ingot produced by the reactive casting based on pouring of the elemental liquids in a mold, and used for a corrosion and oxidation tests. Figure 9 shows the change in weight loss per unit surface area of the sample during immersion in a 36-mass% aqueous solution of hydrochloric acid at room temperature. The same test was carried out for SUS304 stainless steel, for comparison. Under this severe environmental condition, even the stainless steel loses the weight due to dissolution in the acid. On the other hand, the dissolution of the synthesized NiAl is very little, which indicates that the NiAl has an excellent corrosion resistance to hydrochloric acid.
A similar measurement was carried out for weight change during exposure in air at 1 623 K. The results are shown in Fig. 10 . The weight of the stainless steel increases linearly with the increase in oxidation time, while the weight gain of the NiAl is negligible. The NiAl had a glossy surface even after oxidation for 3.5 ks. The results indicate that the synthesized NiAl has a strong resistance to high-temperature oxidation in air.
Conclusions
By pouring molten aluminum and nickel onto a surface of a steel block, with a molar ratio of Ni : Alϭ1 : 1, the feasibility of the synthesis of nickel monoaluminide, NiAl, and joining of it to the steel block have been investigated. The results are summarized as follows.
(1) Molten aluminum and nickel exothermically react and produce molten NiAl. The steel near the surface is melted by the heat generated by the reaction, and iron from the melted steel dissolves in the molten NiAl, and consequently, an NiAl-base intermetallic compound, (Ni, Fe)Al, is produced.
(2) The depth of the melted steel increases with the increase in both preheating temperature of the steel and thickness of the produced NiAl on the steel.
(3) The (Ni, Fe)Al is strongly joined to the steel, after solidification. The (Ni, Fe)Al has an excellent resistance to both oxidation in air at 1 623 K and corrosion in a 36-mass% aqueous solution of hydrochloric acid at room temperature.
(4) Nickel and aluminum diffuse from the (Ni, Fe)Al into the steel during joining, while iron diffuses inversely. Corresponding to the concentration profiles of the elements across the joint interface, Vickers microhardness continuously changes from approximately 100 in the steel to approximately 400 in the (Ni, Fe)Al.
